Introduction
============

Bladder cancer ranks second as the most prevalent urological malignancy and ninth in terms of the most common cause of mortality associated with cancer worldwide ([@b1-etm-0-0-8856],[@b2-etm-0-0-8856]). Gemcitabine (GEM), a nucleoside analogue of deoxycytidine that is enzymatically activated in the cell, achieves cellular cytotoxicity by inhibiting DNA synthesis and inducing apoptosis ([@b3-etm-0-0-8856]). It is a first-line therapeutic option against solid tumors, including ovarian, pancreatic, non-small cell lung cancer and bladder cancer ([@b4-etm-0-0-8856]). However, the efficacy of GEM is frequently hindered by tumor cells acquiring resistance during or after GEM treatment ([@b7-etm-0-0-8856],[@b8-etm-0-0-8856]).

GEM eliminates cancer cells by the induction of apoptosis. However, cancer cells frequently exhibit apoptosis suppression through a variety of mechanisms, resulting in resistance to GEM ([@b9-etm-0-0-8856]). A number of mechanisms, including the inactivation of deoxycytidine kinase (DCK); repressed p38 mitogen-activated protein kinase (MAPK) activity and overexpressed c-Myc, have been previously reported to contribute to GEM-induced cytotoxicity and/or chemoresistance in gall bladder cancer, urothelial cancer and bladder cancer, respectively ([@b10-etm-0-0-8856]).

Autophagy is a cellular process for the production of nutrients and energy in response to metabolic stress ([@b13-etm-0-0-8856]), which is characterized by the formation of autophagosomes. Autophagosomes are double-membrane vesicles that engulfs the bulk cytoplasm containing damaged proteins and other organelles, which then fuses with lysosomes to form autolysosomes ([@b14-etm-0-0-8856]). The critical role of autophagy in cancer therapy is attracting considerable interest, where an in-depth understanding may provide an insight into the therapeutic management of several cancers ([@b15-etm-0-0-8856]). The possible role of autophagy in cancer depend on the cellular conditions, such that it can either facilitate cell survival, lead to autophagy or programmed type Ⅱ cell death ([@b16-etm-0-0-8856],[@b17-etm-0-0-8856]). Thus, autophagy has been defined as a 'double-edged sword' in cancer development and treatment design. Similar to other cancers, the effect of autophagy in bladder cancer remains controversial, although a number of studies have previously speculated that autophagy mediates protective effects on tumor cells against chemotherapy, including GEM ([@b18-etm-0-0-8856]). Kou ([@b19-etm-0-0-8856]) *et al* demonstrated previously that the activation of autophagy via the 5\'AMP-activated protein kinase/mTOR pathway contributed to cell death and the inhibition of proliferation in bladder cancer cell lines.

Autophagy was initially characterized in yeast concerning a family of autophagy-related genes (*Atg*) that are directly involved in the execution of autophagy ([@b13-etm-0-0-8856]). The protein microtubule-associated protein 1A/1B-light chain 3 (LC3) is a mammalian autophagosome ortholog of yeast *Atg8* that is associated with autophagosome membranes after processing ([@b20-etm-0-0-8856]). LC3 are comprised of two isoforms, LC3-Ⅰ and LC3-II. LC3-Ⅰ is located in the cytoplasm, whilst LC3-II is membrane-bound ([@b21-etm-0-0-8856]). LC3-II is associated with the autophagy process and is recruited into autophagosomes ([@b22-etm-0-0-8856]). Various types of stressors have been demonstrated to upregulate LC3 and promote the conjugation of LC3-Ⅰ with phosphatidylethanolamine (PE) to form autophagosome-specific LC3-II, which is localized to pre-autophagosomes and autophagosomes ([@b20-etm-0-0-8856]). They are therefore considered as reliable markers of autophagy ([@b21-etm-0-0-8856]). However, increased LC3 levels in the cell is not only caused by autophagy induction alone, but may also be the result of lysosomal defects, which is associated with the inhibition of the final steps of autophagy ([@b23-etm-0-0-8856]). Additional experiments, such as the monitoring of autophagic flux, are required to confirm the effects of pharmacological agents on autophagy ([@b21-etm-0-0-8856],[@b24-etm-0-0-8856]). p62, also known as sequestosome 1, is a polyubiquitin-binding protein that is selectively incorporated into phagophores, a precursor to autophagosomes, by direct binding to the LC3 protein and is efficiently degraded by autophagy ([@b14-etm-0-0-8856]); rendering the total cellular expression levels of p62 to be a good marker for monitoring autophagic activity ([@b24-etm-0-0-8856]). If autophagosome-lysosome fusion, the final step of autophagy that is also as known as autophagic flux, is blocked, LC3-Ⅱ and p62 accumulation would be recorded ([@b23-etm-0-0-8856]). Although some inhibitors of autophagic flux such as chloroquine has been previously verified to augment cisplatin-mediated cytotoxicity in T24 bladder cancer cells ([@b25-etm-0-0-8856]), this effect remains poorly understood in GEM-resistant bladder cancer cells.

Compounds that are derived from natural sources are important resources for agents in the treatment of cancer. Previous studies have demonstrated the antitumor effects of a number of compounds derived from traditional Chinese medicine ([@b26-etm-0-0-8856],[@b27-etm-0-0-8856]). Garcinia species contain substantial quantities of bioactive anti-cancer compounds that have been studied for \>70 years. Among them, oblongifolin C (OC), which is purified from *G. yunnanensis* Hu, has been revealed to serve an antitumor role in human cervical cancer cells by activating the mitochondrial apoptotic pathway ([@b28-etm-0-0-8856]). Zhang *et al* ([@b29-etm-0-0-8856]) reported that OC is also an autophagic flux inhibitor, inhibiting autophagic degradation to contribute to its anti-cancer effects in cholangiocarcinoma cell lines by inducing mitochondrial dysfunction and apoptosis.

In the present study, the autophagic process was examined in GEM-sensitive RT112 cells and GEM-resistant RT112 cells (RT112-Gr cells), in addition to human bladder tissues to investigate if this process contributed to the acquisition of GEM-resistance. Furthermore, the mechanism underlying the effect of OC on autophagic flux and its relationship with the sensitivity of RT112-Gr cells to GEM were investigated. The data showed that OC treatment enhanced GEM-induced apoptosis and reversed GEM-resistance via suppression of autophagic flux in bladder cancer cells. Therefore, the present study suggests that autophagy serves an important role in the development of GEM resistance in RT-112-Gr cells, which was reversed by OC.

Materials and methods
=====================

### Cells and clinical samples

The bladder cancer cell line RT112 originated from non-invasive bladder cancer ([@b30-etm-0-0-8856]) and was purchased from the Cell Bank of the Chinese Academy of Sciences. GEM resistant cell line (RT112-Gr cells) was established as described previously ([@b31-etm-0-0-8856]). All cells were cultured in RPMI-1640 medium (Biological Industries) supplemented with 10% fetal bovine serum (HyClone; Cytiva) and 1% penicillin/streptomycin (Beijing Solarbio Science & Technology Co., Ltd.) at 37˚C in a humidified 5% CO~2~ atmosphere.

A total of 21 normal bladder urothelial, obtained by transurethral resection during prostate surgery and 111 bladder cancer tissues were collected from the Department of Urology, Shandong Provincial Hospital Affiliated to Shandong University (Jinan, China) from December 2005 to March 2007. The cohort was comprised of 93 males and 39 females aged between 48 to 75 years old. Of these, 72 males and 39 females aged between 48 to 71 years old were included in the cancer group with 59 low-grade cases and 52 high-grade cases as determined by histological analysis ([@b32-etm-0-0-8856]). Patients without prior radiotherapy, chemotherapy, or immunotherapy were included in the cohort and any patients who were diagnosed with other cancer types or cystitis were excluded. Two pathologists (not included in the author list) who are from Department of Pathology, Shandong Provincial Hospital Affiliated to Shandong University verified all pathologic diagnoses of the resected samples. The present study was approved by the Ethics Committee of Shandong Provincial Hospital Affiliated to Shandong University. Written informed consent was obtained from all patients.

### LC3 expression analysis

Immunohistochemistry (IHC) analysis was performed to assay LC3 expression in the bladder tumor tissues. Formalin-fixed \[10% neutral buffered formalin at room temperature (RT) for 24 h\], paraffin-embedded tissues were cut into 4 µm sections and mounted on slides. Samples were then heated in a tissue-drying oven for 45 min at 60˚C. Deparaffinization was performed with xylene at RT and dehydrated using a graded ethanol series. Antigen retrieval was performed at 99-100˚C for 20 min in 0.01 M sodium citrate buffer with a pH value of 6.0. After cooling at RT for 20 min, slides were rinsed in 1X TBS with Tween (TBST). After universal protein blocking by 5% non-fat dry milk for 30 min, samples were incubated overnight with primary antibodies against LC3 (Rabbit anti-LC3; cat. no. ab48394; 1:100; Abcam) at RT. Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary antibodies (cat. no. ab6721; 1:100; Abcam) were added and incubated at RT for 45 min. Slides were then placed in DAB chromogenic solution (1:50 diluted from stock; cat. no. ab64238; Abcam) and incubated for 10 min at RT. Negative controls were slides without primary antibody incubation. Tissue staining was monitored using a light microscope (magnification, x100; Olympus Corporation). Three randomly selected fields of view per tissue section were used for the evaluation of IHC staining. The percentage of positively stained cells was scored as follows: Negative (\<10%), weak positive (10-50%), and strong (\>50%). Average scores obtained from two independent pathologists were used for the final evaluation. Standard hematoxylin and eosin (H&E) staining (30 sec at RT) was performed as counterstaining for determining tumor grade and stage evaluation. Immunofluorescence staining of LC3 in RT112 and RT112-Gr cells was performed as previously described ([@b33-etm-0-0-8856]). When 60-80% confluence was reached, RT112 cells were treated with either 1 µM GEM or DMSO. Additionally, RT112-Gr cells treated with 1 µM GEM + 5 mM 3-MA or DMSO. Each cell line was incubated for 24 h at 37˚C following treatment and stained with anti-LC3 antibodies (cat. no. ab48394; 1:1,000; Abcam). Primary antibodies were incubated for 3 h RT, followed by FITC-conjugated anti-rabbit IgG secondary antibody (cat. no. ab6717; 1:1,000; Abcam) incubation for 1 h at RT. DAPI was used for nuclear staining for 30 min at RT. Fluorescence were detected using fluorescence microscopy (magnification, x400; Nikon Corporation). The experiment was performed in triplicate.

### Cell viability assays

Cell viability was assessed using MTT assay as previously described ([@b34-etm-0-0-8856]). In total, \~2x10^3^ RT112 or RT112-Gr cells were seeded into 96-well plates and incubated at 37˚C for 24 h. For the evaluation of GEM induced cell death in RT112 and RT112-Gr cells, indicated concentrations of GEM (cat. no. H20030105; Jiangsu Hansoh Pharmaceutical Group Co., Ltd.) were added separately in the triplicate wells of RT112 or RT112-Gr cell plates. Cell viability was then measured 72 h after treatment at 37˚C. For evaluation of 3-methyladenine (3-MA; Sigma-Aldrich; MercK KGaA) or OC reversed GEM sensitivity in RT112-Gr cells, 5 mM of 3-MA, 1 µM GEM + 5 mM 3-MA, 1 µM GEM + 5 or 10 µM OC (purchased from Shandong University of Traditional Chinese Medicine, Shandong, China) and vehicle (DMSO) were added in triplicate wells of another RT112-Gr cell plate. Cell viability was then measured 24, 48 or 72 h after treatment at 37˚C. Formazan crystals were dissolved using DMSO and the optical density of each well was measured at 590 nm. Cell viability was calculated using the following formula: % viable cell = (absorbancesample - absorbanceblank)/(absorbancecontro - absorbanceblank) x100. The concentrations required for 50% cell growth inhibition (IC~50~) were calculated using the SPSS 17.0 software (SPSS, Inc.).

### Measurement of lactate dehydrogenase (LDH) activity

To valiate the increased sensitivity of RT112-Gr cells to GEM caused by inhibition of autophagy, an LDH assay was performed. RT112-Gr cells were seeded in a 96-well plate at a density of 5x10^4^ cells/well and treated with 1 µM GEM, 5 mM 3-MA, 1 µM GEM + 5 mM 3-MA or DMSO for 24 h at 37˚C. The supernatant was obtained by centrifugation at 500 x g for 10 min at 4˚C and utilized for measuring LDH activity using a LDH kit (cat. no. TOX7-1KT; Sigma-Aldrich; Merck KGaA) according to manufacturer\'s protocol. The optical density at 450 nm was measured to compare the LDH activity among different groups.

### Western blotting

Total protein was extracted from cells following lysis in RIPA buffer (Abcam), followed by centrifugation at 10,000 x g at 4˚C for 10 min. Protein concentration in the supernatant was determined using the bicinchoninic acid protein assay kit (Sigma-Aldrich; Merck KGaA). A total of 50 µg protein was resolved by SDS-PAGE (10% separation gel and 5% stacking gel were used) and transferred onto PVDF membranes (Sigma-Aldrich; Merck KGaA). After universal protein blocking by 5% nonfat dry milk for 1 h at RT, samples were incubated overnight at 4˚C with primary antibodies against LC3 (cat. no. ab48394; 1:1,000; Abcam), anti-Beclin1 (cat. no. ab62557; 1:1,000; Abcam), anti-p62 antibody (cat. no. ab56416; 1:1,000; Abcam), anti-caspase-3 (cat. no. ab13847; 1:1,000; Abcam), anti-Cleaved caspase-3 (cat. no. ab2302; 1:1,000; Abcam) and mouse monoclonal anti-β-actin (1:1,000; cat. no. ab8226, Abcam) at 4˚C. Horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibodies (cat. no. ab6721; 1:1,000; Abcam) were then added and incubated at RT for 1 h. The protein bands were visualized with an ECL Western Blotting Substrate kit (cat. no. ab65623; Abcam). Densitometric analysis was performed using the ImageJ2 software (<https://imagej.net/ImageJ2>).

### Measurement of autophagic flux

RT112-Gr cells (2x10^3^) were first cultured in six-well plates for 24 h at 37˚C and then treated with 1 µM GEM together with 0, 5 and 10 µM OC for 24 h at 37˚C. The cells were then harvested and 2x10^3^ RT112-Gr cells were re-cultured in 24-well plates. Lentiviruses containing the HBLV-mRFP-GFP-LC3-PURO plasmid (Hanbio Biotechnology Co., Ltd.) were used to infect cells at the multiplicity of infection of 50. The stable expression of mRFP-GFP-LC3 was induced after culture for 24 h at 37˚C. Red (RFP) and green (GFP) fluorescence were detected using fluorescence microscopy (magnification, x400; Nikon Corporation). The experiment was performed in triplicate.

### Statistical analysis

The association between LC3 expression and the clinicopathological parameters in the cancer group was evaluated using χ^2^ test and the Fisher\'s exact test was used to compare positives rates between normal and cancer groups. MTT assays were performed three times, the means of which were compared using a two-tailed t-test and the inhibitory activity of 3-MA and GEM on RT112-Gr cells were compared using one-way ANOVA followed by the Tukey\'s test. SPSS 17.0 software (SPSS, Inc.) was used for statistical analysis. All results were presented as the mean ± standard deviation from triplicated experiments. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### LC3 expression analysis in bladder tumor tissues indicates an important role of autophagy in bladder cancer

IHC was performed to measure LC3 expression in surgically resected specimens of bladder tumors. LC3 expression was found to be localized in the cytoplasm ([Fig. 1](#f1-etm-0-0-8856){ref-type="fig"}). The number and rate of strongly positive, weakly positive and negative staining cases in the 111 bladder tumor samples were 46 (40.0%), 50 (46.0%) and 15 (14.0%), respectively. However, of the 21 the normal bladder urothelial tissues tested, 19 (90.4%) were found to be strongly positive, 1 (4.8%) was weakly positive and 1 (4.8%) was negative ([Table I](#tI-etm-0-0-8856){ref-type="table"}). The LC3 strongly positive rate was significantly higher, while the weakly positive rate was significantly lower in the normal bladder urothelium compared with the tumor group. This trend was also found within the cancer group when compared with the cancer grades. In the high grade tumor group, the strongly positive, weakly positive and negative cases were 11 (21.1%), 33 (63.5%) and 8 (15.4%) respectively, while in the low grade tumor group, the strongly positive, weakly positive and negative cases (rate) were 35 (59.3%), 17 (28.8%) and 7 (11.8%), respectively ([Table II](#tII-etm-0-0-8856){ref-type="table"}). However, no significant associations were observed between the intensity of LC3 staining and age, sex or tumor number ([Table II](#tII-etm-0-0-8856){ref-type="table"}).

### GEM induces cell death and autophagy in RT112 cells

The cytotoxicity of human bladder cancer cell lines RT112 and RT112-Gr induced by GEM was investigated via an MTT assay following treatment with different doses of GEM (0.01, 0.02, 0.04, 0.08 and 0.16 µM) for 72 h. GEM treatment was revealed to reduce the viability of RT112 cells in a dose-dependent manner, whilst RT112-Gr cells exhibited resistance to GEM treatment ([Fig. 2A](#f2-etm-0-0-8856){ref-type="fig"}). Subsequently, the levels of autophagy were measured following treatment with GEM by measuring LC3-I and LC3-II protein levels using western blotting. The expression of LC3-II was demonstrated in a dose-dependent manner in RT112 cells following exposure to GEM ([Fig. 2B](#f2-etm-0-0-8856){ref-type="fig"}). These findings suggest that GEM can induce the autophagy in the treatment-sensitive RT112 cells.

### Autophagy is upregulated in GEM-resistant RT112 cells

Since autophagy was involved in the reaction of RT112 to GEM, the role of autophagy on the development of GEM resistance in RT112 cells was next investigated. The IC~50~ of RT112-Gr cells was found to be \~100-fold (4 µM) that of RT112 cells (0.04 µM) as demonstrated by the MTT assay results ([Fig. 3A](#f3-etm-0-0-8856){ref-type="fig"}). Subsequent western blotting results showed that the levels of autophagy markers (LC3II/I) and the key regulator of autophagy (Beclin1) were elevated in both RT112 and RT112-Gr cells following treatment with GEM ([Fig. 3B](#f3-etm-0-0-8856){ref-type="fig"}). However, at basal level in the absence of GEM, increased LC3II/I and Beclin1 demonstrated that RT112-Gr cells exhibited markedly higher autophagic capacities compared with those in RT112 cells. ([Fig. 3B](#f3-etm-0-0-8856){ref-type="fig"}).

### Inhibition of autophagy by 3-MA restores the sensitivity of RT112-Gr cells to GEM

To assess the effects of autophagy on the development of GEM resistance, 3-MA, an inhibitor of autophagy, was utilized for the subsequent experiment. RT-112-Gr cells were either treated with DMSO or with 1 µM GEM and/or 5 mM 3-MA for 24, 48 and 72 h. Combined GEM and 3-MA treatment was found to efficiently reduce the RT112-Gr cell viability with maximal suppression observed at 72 h. The cell viability in the combined treatment group was significant lower compared to either GEM or 3-MA alone group. The OD values detected in the combined treatment group was significant higher than those in GEM or the 3-MA group ([Fig. 4A](#f4-etm-0-0-8856){ref-type="fig"}).

The effect of 3-MA on the autophagic activity was next verified using western blotting. Following treatment with 3-MA combined with 1 µM GEM, the accumulation of the LC3-Ⅰ protein was found to be suppressed compared with those treated with GEM alone ([Fig. 4B](#f4-etm-0-0-8856){ref-type="fig"}). These results suggested that 3-MA can efficiently suppress the basal level (absence of GEM) of autophagy. Immunofluorescence results also suggest that the basal autophagy level in RT112-Gr cells is increased compared with RT112 cells, whilst treatment with 3-MA+GEM efficiently supressed LC3 levels in the RT112-Gr cells ([Fig. 4C](#f4-etm-0-0-8856){ref-type="fig"}). However, the LC3-Ⅱ levels in the two groups (GEM vs. GEM+3-MA) were comparable ([Fig. 4B](#f4-etm-0-0-8856){ref-type="fig"}), suggesting that the GEM-induced alteration of autophagic flux was not affected by 3-MA. These data suggested that inhibition of autophagy by 3-MA enhanced GEM-induced cell death and basal levels of autophagy (but not autophagic flux) in RT112-Gr cells, suggesting an important role of autophagy in GEM resistance.

### OC inhibits autophagic flux in RT-112-Gr cells

OC has been previously found to inhibit autophagic flux ([@b35-etm-0-0-8856]). Therefore, a series of OC concentrations (0, 1, 2, 5 and 10 µM) were next tested to examine its effects on autophagy flux in RT112-Gr cells. The levels of LC3 and p62 expression were examined by western blotting. Accumulation of LC-3II was observed following OC treatment ([Fig. 5A](#f5-etm-0-0-8856){ref-type="fig"}). The expression of p62, a marker of autophagolysosomal levels, was also found to be increased by OC in a dose-dependent manner ([Fig. 5A](#f5-etm-0-0-8856){ref-type="fig"}). This suggested that OC reduced autophagy flux in a dose-dependent manner and that 5 and 10 µM OC can effectively inhibit autophagic flux in RT112-Gr cells.

### OC reverses the GEM resistance in RT112-Gr cells

The effects of OC treatment combined with GEM were next examined in RT112-Gr cells. Both autophagy (determined via LC3II) and apoptosis (determined via P62 and caspase-3) levels were found to be increased in the gemcitabine-resistant cells in the GEM+OC combined treatment group, compared with the non-treatment and GEM groups ([Fig. 5B](#f5-etm-0-0-8856){ref-type="fig"}), whilst data from the MTT assay showed that OC sensitized the RT112-Gr cells to GEM treatment in a dose-dependent manner ([Fig. 5C](#f5-etm-0-0-8856){ref-type="fig"}).

To clarify the aforementioned observations, RT112-Gr cells were transfected with the RFP-GFP-LC3B plasmid to monitor any changes in autophagic flux. Various stages of autophagy were monitored using the RFP-GFP-LC3B. This image-based analysis was performed to determine autophagy stages according to the pH difference between the acidic autolysosome and neutral autophagosome. When the autophagosome (with neutral pH) converts into an autolysosome (with an acidic pH), the GFP fluorescence will disappear whilst the RFP fluorescence will persist ([@b36-etm-0-0-8856]). By contrast, if autophagic flux was blocked, the accumulated autophagosome will not fuse with lysosomes, where the subsequent degradation of lysosomal proteins will be prevented, resulting in the yellow color being formed as a result of the simultaneous persistence of both green and red fluorescence ([Fig. 6](#f6-etm-0-0-8856){ref-type="fig"}). Thus, yellow colouring in the GEM+OC groups demonstrated that fusion between autophagosomes and lysosomes was prevented, confirming the inhibition of autophagic flux by OC in RT112-Gr cells.

Discussion
==========

Autophagy is a crucial process used by cells to maintain intracellular homeostasis, especially under metabolic stress ([@b37-etm-0-0-8856]). Although the role of autophagy in cancer cells under basal conditions without treatment has previously been highlighted ([@b38-etm-0-0-8856]), controversy remains with regards to their role in cancer chemotherapy. Autophagy has been documented to serve a dual role in cancer development and treatment ([@b39-etm-0-0-8856]). Although autophagy may serve as a tumor suppressor by stimulating tumor cell necrosis ([@b40-etm-0-0-8856]), accumulating evidence support that autophagy may actually operate as a survival mechanism to protect cancer cells from various forms of cellular stress, especially under chemotherapy ([@b41-etm-0-0-8856]). Therefore, inhibition of autophagy may lead to improved sensitivity to chemotherapeutic agents during cancer treatment ([@b41-etm-0-0-8856]).

In the present study, positive rates of the autophagy marker, LC3, were significantly higher in normal bladder urothelium compared with that in low-grade and high-grade tumors, meanwhile the strongly positive ratio was significantly higher in low-grade tumors compared with that in high-grade tumors. This finding suggested the involvement of autophagy in bladder cancer development. Subsequently, the bladder cancer cell lines RT112 and RT-112Gr were used to explore the possible role of autophagy in the event of chemotherapy resistance *in vitro*. Compared with the GEM-sensitive RT112 cells, a much higher concentration of GEM was required to reduce the viability of RT112-Gr cells, making RT112-Gr cells a good model of GEM resistance in the present study. Western blotting analyses suggested that autophagy was induced in bladder cancer cells following GEM treatment. GEM-induced autophagy may be involved in protecting the RT112 cells from GEM-induced cell death. In addition, the present study showed that the levels of autophagy was elevated in GEM-resistant RT112-Gr cells, where GEM resistance was reversed following inhibition of autophagy by 3-MA. These findings suggested that inhibition of autophagy enhances GEM sensitivity in RT112-Gr cells. Therefore, the present study suggests that autophagy is a pro-survival process in bladder cancer cells that is involved in the development of GEM resistance. This finding indicated that the combination of GEM and an autophagy inhibitor may serve as a potential therapeutic strategy for GEM-resistant bladder cancers.

Previous studies have indicated that autophagy may exert protective effects on cancer cells. Wang *et al* ([@b42-etm-0-0-8856]) found the basal levels of autophagy to be elevated in pancreatic cancer cells, which was required for sustained cell growth. Sun *et al* ([@b43-etm-0-0-8856]) reported that epirubicin (EPI) treatment induced autophagy in human breast cancer cells, which conferred protection against EPI-induced apoptosis. Additionally, autophagy levels was previously found to be significantly elevated in EPI-resistant breast cancer cells, where the inhibition of autophagy restored their sensitivity to EPI ([@b43-etm-0-0-8856]). This finding was in agreement with results from the present study, which demonstrated the involvement of autophagy in bladder cancer development. Using the autophagy inhibitor 3-MA, the contributions of autophagy to the survival of bladder cancer cells during GEM-induced apoptosis was revealed.

Although autophagy inhibition shows excellent potential in facilitating the GEM treatment of bladder cancer, a number of autophagy inhibitors, including 3-MA and chloroquine, were not certified as adjunctive drugs for cancer treatment. Therefore, identifying a safe and practical strategy to inhibit autophagy is essential for improving GEM efficiency. OC, a type of polycyclic polyprenylated acylphloroglucinol purified from the *G. yunnanensis* Hu plant, was applied as candidate for inhibiting autophagic flux to enhance GEM-induced cell death in pancreatic cancer ([@b44-etm-0-0-8856]). Previous studies have also elucidated the therapeutic potential of OC in other various types of cancers, including cervical carcinoma and cholangiocarcinoma ([@b29-etm-0-0-8856],[@b35-etm-0-0-8856]). To the best of our knowledge, the present study was the first application of OC in bladder cancer. After confirming the involvement of autophagy in bladder cancer progression, OC was tested as a potential candidate as an autophagic flux inhibitor in the present study. OC inhibited GEM-induced autophagic flux and increased GEM-induced cell death in GEM resistant bladder cancer cells. As previously reported by Takeuchi *et al* ([@b45-etm-0-0-8856]), the timing of adjunct administration is critical for enhancing the effect of any co-treatment. It was found that in bladder cancer cells, sequential GEM treatment followed by tamoxifen (TAM) treatment resulted in a more significant increase in DNA fragmentation compared with that by the simultaneous GEM TAM or sequential TAM treatment followed by GEM ([@b45-etm-0-0-8856]). This finding emphasizes that compared with the simultaneous method applied in the present study, sequential administration may also facilitate in improving the effectiveness of the OC+GEM treatment, which warrants further research, in particular *in vivo*.

As aforementioned, LC3 expression was found to be significantly higher in normal bladder urothelium compared with that in the tumors tissue, where the positive ratio was considerably higher in low-grade tumors compared with that in high-grade tumors. A previous study demonstrated that the role of autophagy varies depending on the specific type of cancer and the stage of disease progression ([@b46-etm-0-0-8856]). Therefore, clarifying the time point of autophagy inhibition is necessary prior to the treatment of a number of tumor types.

In conclusion, data for the present study suggested that autophagy was induced in bladder cancer cells by GEM treatment, where autophagy serves a cytoprotective role in bladder cancer cells. The inhibition of autophagy by OC resulted in the restoration of sensitivity to GEM. These observations suggested that the appropriate modulation of autophagy has the potential to improve anti-cancer therapeutics. Consequently, inhibition of autophagic flux by OC may serve as a potential tool for cancer treatment in the future.
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![Immunohistochemical staining of LC3 in clinical bladder tissues. (A-D) LC3 immunostaining was considered positive if \>10% cytoplasm of cells exhibited weak or higher intensity. (A) Strong positive staining of LC3 in the normal bladder urothelial tissues. (B) Strong positive staining of LC3 in low-grade bladder cancer tissues. (C) Weak positive staining of LC3 in high-grade bladder cancer tisseues. (D) Negative control of LC3 staining in clinical bladder cancer tissues (high grade). Magnification, x100. IHC, immunohistochemistry; LC3, microtubule-associated protein 1A/1B-light chain 3.](etm-20-02-1431-g00){#f1-etm-0-0-8856}

![GEM-induced cell death and autophagy in bladder cancer cell lines. (A) RT-112 and RT-112-Gr Cells were cultured with 0.01, 0.02, 0.04, 0.08 and 0.16 µM GEM, following which cell viability was analyzed using an MTT assay after 72 h. Quantification was performed on data obtained from three independent experiments. Significant differences of treatment reaction to GEM were observed between RT-112 and RT112-Gr ^\*^P\<0.05 and ^\*\*^P\<0.01 as indicated. (B) LC3-Ⅰ (18 kDa) and LC3-Ⅱ (16 kDa) protein levels were measured after treatment with 0.01, 0.02, 0.04, 0.08, and 0.16 µM GEM for 72 h in the RT-112 and RT-112-Gr cell lines. β-actin served as the loading control. GEM, gemcitabine; LC3, microtubule-associated protein 1A/1B-light chain 3.](etm-20-02-1431-g01){#f2-etm-0-0-8856}

![GEM-resistant RT112-Gr cells exhibit increased levels of autophagy. (A) RT112 and RT112-Gr cells were treated for 72 h with a range of different GEM concentrations. following which MTT assays were performed to assess cell viability. The data were derived from three independent experiments. (B) RT112 and RT112-Gr cells were treated with 6 µM and 0.04 µM GEM for 48 h, respectively before LC3-I conversion to LC3-Ⅱ and Beclin1 expression were measured by western blotting. β-actin served as the loading control. GEM, gemcitabine; LC3, microtubule-associated protein 1A/1B-light chain 3.](etm-20-02-1431-g02){#f3-etm-0-0-8856}

![Inhibition of autophagy by 3-MA restores the sensitivity of RT112-Gr cells to GEM. (A) RT112-Gr cells were treated with 1 µM GEM and/or 5 mM 3-MA for 24, 48, and 72 h, following which cell viability was measured using MTT (left panel) and validated by lactate dehydrogenase assays (right panel). Data were derived from three independent experiments.(^\*^P\<0.05 and ^\*\*^P\<0.01 vs. GEM). (B) LC3-Ⅰ conversion to LC3-Ⅱ and Beclin1 expression were measured after treatment with 1 µM GEM and/or 5 mM 3-MA for 24 h. (C) Immunofluorescence measuring LC3 expression in RT112 cells, RT112 cells following 1 µM GEM treatment for 24 h, RT112-Gr cells and RT112-Gr cells after 1 µM GEM + 5 mM 3-MA treatment for 24 h. Scale bar, 100 µm. 3-MA, 3-methyladenine; GEM, gemcitabine; LC3, microtubule-associated protein 1A/1B-light chain 3.](etm-20-02-1431-g03){#f4-etm-0-0-8856}

![OC treatment reverses GEM-resistance in RT-112-Gr cells by inducing cell apoptosis and inhibiting autophagic flux. (A) The levels of LC3-Ⅰ, LC3-Ⅱ and p62 expression were measured after treatment of RT112-Gr cells with 0, 1, 2, 5 and 10 µM OC for 24 h. (B) RT112-Gr cells were treated with 1 µM GEM and/or 0, 5 and 10 µM OC for 24 h before western blot analysis was performed to measure LC3I, LC3II, p62, capase-3 and cleaved caspase-3 protein levels. (C) RT112-Gr cells were treated with 1 µM GEM and/or 0, 5 and 10 µM OC, following which MTT assay was performed after 24, 48 and 72 h. The data were derived from three independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01. OC, oblongifolin C; GEM, gemcitabine; LC3, microtubule-associated protein 1A/1B-light chain 3.](etm-20-02-1431-g04){#f5-etm-0-0-8856}

![OC treatment inhibits autophagic flux in RT-112-Gr cells. RT112-Gr cells were treated with 1 µM GEM and/or 0, 5 and 10 µM OC. Measurement of fluorescence emitted by the RFP-GFP-LC3 plasmid suggested OC inhibited the autophagic flux in RT112-Gr cells in a dose-dependent manner. Scale bar, 50 µm. OC, oblongifolin C; GEM, gemcitabine; LC3, microtubule-associated protein 1A/1B-light chain 3; RFP, red fluorescent protein; GFP, green fluorescent protein.](etm-20-02-1431-g05){#f6-etm-0-0-8856}

###### 

Comparison of LC3 expression rates between cancer and normal bladder urothelium tissues.

  Sample   Total number   Strongly positive n (%)   Weakly positive n (%)   Negative n (%)   P-value
  -------- -------------- ------------------------- ----------------------- ---------------- ---------
  Cancer   111            46 (40.0)                 50 (46.0)               15 (14.0)        \<0.01
  Normal   21             19 (90.4)                 1 (4.8)                 1 (4.8)           

###### 

Comparison of LC3 expression rates between different cancer subgroups.

  Variables       Total number   Strongly positive n (%)   Weakly positive n (%)   Negative n (%)   P-value
  --------------- -------------- ------------------------- ----------------------- ---------------- ---------
  Age                                                                                               
       \<60       50             20 (40.0)                 23 (46.0)               7 (14.0)         0.786
       ≥60        61             26 (42.6)                 27 (44.3)               8 (13.1)          
  Sex                                                                                               
       Male       72             32 (44.4)                 34 (47.2)               6 (8.4)          0.613
       Female     39             14 (35.9)                 16 (41.0)               9 (23.1)          
  Tumor grade                                                                                       
       High       52             11 (21.1)                 33 (63.5)               8 (15.4)         \<0.01
       Low        59             35 (59.3)                 17 (28.8)               7 (11.8)          
  Tumor number                                                                                      
       Single     56             25 (44.6)                 24 (42.9)               7 (12.5)         0.597
       Multiple   55             21 (38.2)                 26 (47.3)               8 (14.5)          

[^1]: ^\*^Contributed equally
